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PREFACE 


The  work  described  in  this  report  was  authorized  under  Project  No.  62262255200 
and  supported  by  the  Strategic  Environmental  Research  and  Development  Program  (SERDP) 
(Arlington,  VA).  The  work  was  started  in  December  2002  and  completed  in  January  2004. 

Records  are  maintained  in  official  U.S.  Army  Edgewood  Chemical  Biological 
Center  (ECBC)  notebooks  in  the  Life  Sciences  Official  Archives  and/or  in  the  Technical  Library. 
Studies  were  conducted  under,  and  in  compliance  with,  current  good  laboratory  practice 
standards,  and  they  were  reviewed  periodically  by  either  the  quality  assurance  coordinator  or  his 
designee.  The  performance  of  this  study  was  consistent  with  the  objectives  and  standards  in 
"Good  Laboratory  Practices  for  Nonclinical  Laboratory  Studies"  (21  CFR  58,  Food  and  Drug 
Administration,  U.S.  Department  of  Health  and  Human  Services,  April  1988). 

The  use  of  either  trade  or  manufacturers’  names  in  this  report  does  not  constitute 
an  official  endorsement  of  any  commercial  products.  This  report  may  not  be  cited  for  purposes 
of  advertisement. 

This  report  has  been  approved  for  public  release.  Registered  users  should  request 
additional  copies  from  the  Defense  Technical  Information  Center;  unregistered  users  should 
direct  such  requests  to  the  National  Technical  Information  Service. 
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HPLC  DETERMINATION 

OF  HEXANITROHEXAAZAISOWURTZITANE  (CL-20) 
IN  SOIL  AND  AQUEOUS  MATRICES 


1.  INTRODUCTION 

Nitramine  explosives,  such  as  l,3,5,7-tetranitro-l,3,5,7-tetraaza-cyclooctane 
(HMX)  and  l,3,5-trinitro-l,3,5-triaza-cyclohexane  (RDX)  are  toxic  and  possibly  carcinogenic.1,2 
They  not  only  present  a  health  hazard  to  military  personnel  who  handle  them  but  also  pose  an 
additional  environmental  hazard.1  Explosive  materials  enter  the  environment  through 
manufacturing,  testing,  detonation,  and  disposal,  allowing  them  to  contaminate  soil  and 
groundwater.  Due  to  their  toxicity  and  potential  carcinogenic  properties,  it  becomes  important  to 
identify  and  detect  trace  levels  of  explosives  that  may  be  present  in  the  environment.1 2  The 
costs  of  managing  large  volumes  of  hazardous  waste  associated  with  energetic  materials  prompts 
the  Department  of  Defense  (DoD)  to  develop  new  materials  that  will  have  either  equal  or 
superior  performance  characteristics  with  less  environmental  impact.3 

Hexanitrohexaazaisowurtzitane  (CL-20)  is  a  novel,  energetic  material, 
synthesized  by  Nielsen  et  al.4,5  and  adopted  by  ATK  Thiokol  Propulsion  (Brigham  City,  UT), 
that  is  being  investigated  as  a  potential  replacement  for  currently  used  explosive  and  propellant 
formulations.  CL-20  is  a  thermodynamically  stable,  highly  energetic,  polycyclic  nitramine 
(N-NO2)  compound  that  is  structurally  similar  to  other  monocyclic  nitramine  compounds 
[e.g.,  HMX  and  RDX  (Figure  l)].6,7  However,  CL-20  contains  several  unique  chemical  and 
structural  properties  including  larger  molecular  size,  unique  caged  structure,  higher  crystal 
density,  and  higher  heat  of  formation  that  give  CL-20  significant  performance  advantages  over 
HMX  and  RDX.2,6,7,8  Structurally,  because  CL-20  does  not  contain  halogens,  subsequent  studies 
may  find  combustion  products  to  be  environmentally  more  acceptable;3  however,  the 
environmental  impact  of  the  CL-20  parent  compound  and  the  combustion/breakdown  products 
have  not  yet  been  determined. 

Recent  investigations  by  Trott  et  al.2  show  that  CL-20  biodegrades  in  laboratory 
soil  microcosms.  This  biodegradation  is  different  compared  to  other  nitramine  compounds  (e.g., 
RDX).  In  addition,  aerobic  and  anaerobic  abiotic  degradation  reactions  can  occur  in  CL-20.9 

The  objectives  of  this  project  were  to  investigate  the  fate  and  transport  of  CL-20 
through  the  vadose  zone,  and  to  investigate  the  environmental  effects  of  CL-20  on  terrestrial 
plants,  soil  organisms,  and  aquatic  species.  Fate  and  transport  was  investigated  using  a 
standardized  soil-core  microcosm  system.  In  addition  to  freshly  amended  soil,  the  effects  of 
weathering/aging  were  incorporated  into  the  experimental  design  to  better  reflect  the  real-world 
potential  of  CL-20  undergoing  biotic/abiotic  degradation  and  transformation  processes.  The 
principal  objective  of  this  report  was  to  focus  on  the  quantitative  chemical  analysis  of  CL-20 
in  amended  natural  sandy  loam  soil  and  in  aquatic  test  media.  The  quantitation  of  CL-20  has 
been  performed  using  a  method,  developed  by  the  Biotechnology  Research  Institute  (BRI)  of 
the  National  Research  Council  (NRC),  Canada,10  which  is  a  modification  of  the  modified 
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U.S.  Environmental  Protection  Agency  (USEPA)  Method  8330A.11  This  modified  method  was 
applied  to  artificially  amended  soil  and  aquatic  samples  because  CL-20  has  not  been  used  in  full 
production,  and  is  not  known  to  have  been  released  into  the  environment  yet. 


2  MATERIALS  AND  METHODS 

2.1  CL-20. 

The  s-polymorph  (>95%  by  Fourier  Transform  Infrared  Spectroscopy)*  of  CL-20 
(2,4,6, 8, 1 0, 1 2-hexanitro-2,4,6,8, 1 0, 1 2-hexaazaisowurtzitane)  used  in  these  experiments  (lot 
number  2180150)  was  obtained  from  ATK  Thiokol  Propulsion.  The  lot  number  is  actually  a 
grind  number  of  combined  nitration  lots  590N-01-0002,  -0003,  -0004,  -0005,  -0006,  -0008, 
-0009,  -0010,  -001 1,  -0012,  -0013,  and  -0014  with  a  purity  of  99.3%  as  determined  by  High 
Performance  Liquid  Chromatography  (HPLC)  analysis.*  CL-20  is  an  odorless,  white  crystalline 
solid12  that  has  a  low  solubility  in  water  (4.8  mg/L)2,8  compared  to  RDX  and  HMX  (38.4  mg/L 
and  6.6  mg/L,  respectively).2 

2.2  SoU- 

The  soil  chosen  for  this  research  was  Sassafras  Sandy  Loam  [SSL  (fine-loamy, 
siliceous,  mesic  typic  hapludult)]  collected  from  a  grassy  field  (M-Field)  at  the  Edgewood  Area, 
Aberdeen  Proving  Ground,  MD.  The  physical  and  chemical  characteristics  of  this  soil  (low  clay 
and  organic  matter)  support  a  relatively  high  level  of  CL-20  bioavailability.  Therefore,  this  soil 
is  a  fitting  type  for  assessing  stability,  chemical/biochemical  degradation,  transport,  and  toxicity 
of  CL-20.  The  physical  and  chemical  characteristics  of  the  soil  are  given  in  Table  l.13 

In  this  report,  analytical  determinations  for  freshly  amended  soils  were  amended 
with  a  known  amount  of  CL-20,  hydrated  to  a  specified  percentage  of  the  water  holding  capacity 
(WHC),  and  extracted  following  a  24-hr  equilibration  period.  The  WHC  of  SSL  soil  is  18%  of 
the  dry  soil  mass.  Weathered/aged  CL-20  in  soils  refers  to  soils  with  a  known  amount  of  CL-20 
added  that  were  subjected  to  alternate  wetting/drying  cycles  either  in  a  greenhouse  or  in  the 
controlled  environmental  chamber  over  a  specified  period  of  time. 

2.3  Analytical  Methods. 

The  instrumentation  used  for  detecting  CL-20  was  an  Agilent  (Wilmington,  DE) 
1100  Series  HPLC  equipped  with  a  Supelcosil  LC-CN  column  (25  cm  x  4.6  mm  x  5  pm).  An 
isocratic  70:30  methanol: water  mobile  phase  was  used  with  a  flow  rate  of  1.0  mL/min  and  a 
50  pL  injection  volume.  The  autosampler  was  set  at  10  °C.  Detection  of  CL-20  was 
accomplished  with  a  Diode  Array  Detector  (DAD)  set  at  230  nm  (XmaX).  The  UV  spectrum 
for  CL-20  is  shown  in  Figure  2  as  provided  by  Larson,  et.  al.14 


*  Spaulding,  K.  Thiokol  Propulsion,  Brigham  City,  UT.  Personal  communication,  2001. 
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2.4 


Standard  Preparation. 


All  standards  were  prepared  using  HPLC  grade  acetonitrile  (ACN).  Initially,  a 
primary  stock  solution  (10,000  ppm  CL-20)  was  prepared  and  diluted  to  make  solutions  of  50, 

20, 2,  0.5,  and  0.1  ppm  CL-20/ACN.  To  make  the  calibration  standards,  further  dilutions  were 
made  with  acidified  water  (sodium  bisulfate)  solution  (50:50)  to  yield  standards  of  25, 10, 1, 

0.25,  and  0.05  ppm  CL-20/ACN/H3O+. 

2.5  Sample  Preparation. 

2.5.1  ACN  Extractions  from  Soil. 

Sassafras  Sandy  Loam  soils  were  amended  with  nominal  CL-20  concentrations  of 
0.01  to  100  mg/kg  (CL-20/soil).  Ten  milliliters  of  ACN  (5  mL  for  amendments  <0.5  mg/kg) 
were  added  to  a  2  g  soil  sample,  vortexed  for  1  min,  and  sonicated  in  an  ultrasonic  bath  at  20  °C 
for  18  ±  2  hr.  The  samples  were  then  centrifuged  at  2700  rpm  for  30  min.  Five  milliliters  of  the 
supernatant  was  removed  and  combined  with  5  mL  of  CaCL/NaHSC^  (5  and  0.2  g/L, 
respectively)  aqueous  solution.  For  amendments  <0.5  mg/kg,  3  mL  of  the  supernatant  was 
mixed  with  3  mL  of  CaCl2/NaHSC>4.  The  solution  was  then  vortexed  for  10-15  s  and  allowed  to 
stand  for  30  min.  The  supernatant  was  filtered  using  10  mL  disposable  syringes  (Becton 
Dickinson,  Franklin  Lakes,  NJ)  equipped  with  0.45  pm  Millipore  PTFE  filters.  The  first  3  mL  of 
filtrate  were  discarded  before  transferring  1  mL  of  the  extract  to  an  HPLC  autosampler  vial. 

This  extraction  technique  was  applied  to  freshly  amended  and  weathered/aged  CL-20  in  SSL 
soils. 

2.5.2  Water  Extractions  from  Soil. 

The  SSL  soil  samples  were  extracted  using  an  Adapted  Toxicity  Characteristic 
Leaching  Procedure  (ATCLP).15  For  terrestrial  toxicity  tests,  ATCLP-based  estimates  were  used 
to  measure  the  CL-20  concentrations  in  soil  that  was  presumed  to  be  immediately  available  to 
either  terrestrial  plants  or  soil  invertebrates.  The  modification  involved  substituting  the  CO2 
saturated  American  Society  for  Testing  and  Materials  (ASTM)  Type  I  water  for  acetic  acid, 
better  simulating  soil-water  conditions  due  to  respiration  by  soil  biota. 

Soils  were  amended  with  nominal  CL-20  concentrations  of  0.01  - 100  mg/kg 
(CL-20/soil).  Extractions  were  performed  similarly  to  the  ACN  extractions,  except  20  mL  of 
CO2- water  (10  mL  for  amendments  <0.5  mg/kg)  was  used  to  extract  the  CL-20  from  the  soil 
(5.5-g  sample),  and  an  acidified  ACN  solution  (H30+/ACN)  was  added  after  the  supernatant  was 
removed  instead  of  the  CaCl2/NaHS04  solution.  For  amendments  <0.5  mg/kg,  5  mL  of  the 
supernatant  was  mixed  with  5  mL  of  acidified  ACN  solution.  This  extraction  technique  was 
applied  to  freshly  amended  and  weathered/aged  CL-20  in  SSL  soils. 

2.5.3  Aquatic  Test  Media. 

The  aquatic  test  media  solutions  were  prepared  by  adding  solid  CL-20  (100  mg) 
with  a  known  volume  of  well  water.  The  solution  was  shaken,  sonicated,  and  mixed  for  10  min. 
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Serial  dilution  was  performed  followed  by  extraction.  To  extract  the  CL-20  from  aquatic 
samples,  5  mL  of  the  sample  was  added  to  a  vial  followed  by  5  mL  of  acidified  ACN.  Further 
sample  preparation  was  similar  to  that  followed  for  the  soil  samples. 


3  RESULTS 

3.1  Analytical  Figures  of  Merit. 

A  five-point  calibration  curve  was  created  from  standards  (0.05, 0.25,  1.0,  10,  and 
25  ppm)  with  excellent  linearity  (r2  >  0.99999).  Figure  3  shows  an  example  of  a  calibration 
curve  with  its  associated  correlation  coefficient  (r2  value)  and  equation  of  the  line.  The 
reproducibility  of  the  slope  over  a  4-month  period  was  determined  to  be  149.0  ±  5.0  with  a 
%  RSD  of  3.4  (n  =  14,  Table  2).  Figure  4  shows  representative  chromatograms  for  three  of  the 
five  standards  (1, 0.25,  and  0.05  ppm).  The  lowest  standard  used  (0.05  ppm)  was  nearly  four 
times  greater  than  the  instrument’s  limit  of  detection  (LOD)  of  0.01  ppm  (S/N  =  3)  as  given  in 
Figure  5. 

3.2  CL-20  Extractions  from  SSL  Soil. 

Three  extracts  were  prepared  at  each  amended  concentration  for  subsequent  data 
analysis  and  statistical  interpretation.  The  HPLC  analysis  was  used  to  determine  the  analytical 
recovery  percentages  as  compared  against  the  nominally  amended  concentrations.  According  to 
the  modified  USEPA  Method  83 30 A  (NRC),  calibration  curves  were  run  before  and  after  each 
set  of  soil  sample  extracts  each  day  to  assure  that  the  detector  response  was  consistent  (+3%). 
Standards  were  also  interspersed  among  sample  sequences  to  assure  reproducibility. 

3.2.1  ACN  Extractions. 

3.2.1. 1  Freshly  Amended  CL-20  in  SSL  Soil. 

Fifteen  freshly  amended  CL-20  soil  concentrations  of  0.01  to  100  mg/kg  were 
extracted  with  ACN  and  analyzed  by  HPLC.  The  LOD,  in  freshly  amended  soil,  was 
0.08  mg/kg.  At  this  amended  soil  concentration,  as  calculated  from  the  equation  below,  the 
corresponding  CL-20  solution  concentration  was  0.04  mg/L.  This  concentration  is  four  times 
greater  than  the  instrument’s  detection  limit  of  0.01  mg/L.  All  amended  concentrations  at  or 
above  0.08  mg/kg  had  recoveries  >97%  (Figure  6,  Table  3). 

mg  CL-20 /kg  soil  =  mg/L  x  extraction  volume  (11 

dry  soil  weight  (kg) 

3. 2. 1.2  Weathered/Aged  Amended  CL-20  in  SSL  Soil. 

The  same  15  amended  CL-20  concentrations  (0.01  -  100  mg/kg)  used  in  the 
freshly  amended  soil  ACN  extractions  were  then  subjected  to  CL-20  amended  soil,  which  had 
been  subjected  to  a  5-month  weathering/aging  process.  The  soil  samples  were  again  extracted 
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with  ACN  and  analyzed  by  HPLC.  The  LOD  in  weathered/aged  CL-20  in  soils  was  0.1  mg/kg, 
which  corresponds  to  a  CL-20  solution  concentration  of  0.02  mg/L  (previous  equation).  This 
concentration  is  two  times  greater  than  the  instrument  LOD  of  0.01  mg/L.  All  amended 
concentrations  at  or  above  0.1  mg/kg  had  recovery  percentages  ranging  from  45  to  73% 

(Figure  6,  Table  3). 

Separate  soil  samples  with  CL-20  amended  concentrations  of  0.5,  1, 10,  and 
100  mg/kg  were  used  to  further  investigate  the  weathering/aging  process.  Monitoring  involved 
extracting  six  samples  of  each  concentration  over  a  5-month  period.  Recovery  percentages  from 
these  ACN  soil  extractions  were  determined  for  all  amended  concentrations  (Figure  7,  Table  4). 

3.2.2  Water  (ATCLP)  Extractions. 

3.2.2. 1  Freshly  Amended  CL-20  in  SSL  Soil. 

Fourteen  freshly  amended  CL-20  soil  concentrations  of  0.01  -  50  mg/kg  were 
extracted  with  water  and  analyzed  by  HPLC.  The  LOD  in  soil  determined  from  the  ATCLP 
extractions  was  0. 1  mg/kg.  This  corresponds  to  an  analytical  concentration  (solution)  of 
approximately  0.02  mg/L  (previous  equation).  All  amended  concentrations  at  or  above 
0.1  mg/kg  had  recovery  percentages  ranging  from  20  to  59%  (Figure  8,  Table  5). 

3.2.2.2  Weathered/Aged  CL-20  in  Amended  SSL  Soil. 

The  same  14  amended  CL-20  concentrations  (0.01  -  50  mg/kg)  used  in  the  freshly 
amended  soil  ATCLP  extractions  were  then  subjected  to  a  weathering/aging  process  over  a 
5-month  period.  The  soil  samples  were  then  extracted  with  water  (ATCLP)  and  analyzed  by . 
HPLC.  The  LOD  in  weathered/aged  soils  was  0.25  mg/kg,  which  corresponds  to  a  CL-20 
solution  concentration  of  0.02  mg/L  (previous  equation).  This  concentration  is  two  times  greater 
than  the  instrument  LOD  of  0.01  mg/L.  All  amended  concentrations  at  or  above  0.25  mg/kg  had 
recovery  percentages  ranging  from  17  to  31%  (Figure  8,  Table  5). 

3.3  CL-20  Extractions  from  Aquatic  Test  Samples. 

The  aquatic  test  media  was  directly  amended  with  seven  CL-20  concentrations 
(1.5  - 100  mg/L).  Recovery  percentages  >75%  were  observed  for  five  amended  concentrations 
ranging  from  6.2  to  100  mg/L.  Lower  recovery  percentages  were  observed  for  1.5  and  3.1  mg/L. 
All  recovery  percentages  are  shown  in  Figure  9  with  the  data  summarized  in  Table  6. 

3.4  Interlaboratorv  Study. 

An  interlaboratory  quality  control/quality  assurance  (QC/QA)  study  was 
performed  on  split  samples  of  CL-20  amended  SSL  soil  to  compare  analytical  results  of  the  three 
research  groups  (ECBC,  BRI,  and  PNNL)  working  on  the  CL-20.  The  purpose  of  using  three 
separate  laboratories  was  to  provide  evidence  of  the  reliability  of  the  modified  analytical  method 
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for  CL-20.  Four  freshly  amended  soil  samples  with  CL-20  concentrations  ranging  from  0.1  to 
10  mg/kg,  and  three  amended  soil  samples  (undergoing  weathering/aging)  ranging  from  100  to 
10000  mg/kg  were  extracted  with  ACN  and  analyzed  by  HPLC  (Figure  10,  Table  7). 


4  DISCUSSION 

4.1  Recovery  of  CL-20  in  ACN  Extracts. 

The  recovery  percentages  from  freshly  amended  and  weathered/aged  amended 
SSL  soils  extracted  with  ACN  are  graphed  versus  their  amended  concentrations  (Figure  6).  The 
5-month  weathered/aged  amended  SSL  soil  concentrations  had  much  lower  recovery  percentages 
compared  to  the  freshly  amended  soil  concentrations.  The  data  from  freshly  amended  and 
weathered/aged  amended  CL-20  SSL  soil  ACN  extracts  were  statistically  different  at  the  95% 
confidence  level  (CL)  for  all  amended  concentrations.  The  LODs  of  CL-20  in  freshly  amended 
and  weathered/aged  CL-20  amended  SSL  soils  also  reflect  this  trend  (0.08  mg/kg  freshly 
amended  and  0.10  mg/kg  weathered/aged  amended).  Decreases  in  CL-20  concentrations  in 
amended  soils  subjected  to  the  weathering/aging  procedures  suggest  that  the  chemical 
environment  of  CL-20  amended  soil  can  be  altered  during  weathering/aging,  similar  to  changes 
that  can  occur  in  vadose  zone  soil  environments  in  the  field.  Specific  mechanisms  of  such 
decrease  are  not  known  and  require  additional  investigations.  Information  available  suggests 
that  biotic  and  abiotic  degradation  of  the  parent  compound  as  well  as  sorption  to  soil  constituents 
are  among  the  factors  contributing  to  CL-20’ s  fate  in  soils.2,9 

Yinon  performed  electron  ionization  (El)  mass  spectrometry  (MS)  on  HMX  and 
RDX16  to  determine  degradation  products  and  identify  possible  reaction  schemes.  The  El  mass 
spectrometric  decomposition  of  explosives  can  parallel  the  decomposition  of  energetic  materials 
by  explosive  shock.1”  Many  of  the  products  are  formed  either  from  reduction  of  the  nitro  groups 
or  from  ring  cleavage/rearrangement.  With  CL-20,  it  is  thought  that  cage  opening  occurs 
through  breaking  a  particular  C-C  bond  to  form  an  aromatic  3 -ring  compound  and  losing  several 
nitro  groups.  Further  loss  of  nitro  groups  forms  a  2-ring  aromatic  compound.  Liquid 
chromatography/MS/MS  (LC/MS/MS)  has  been  used  to  help  identify  some  of 
CL-20’s  degradation  products9  along  with  investigating  additional  pathways  that  might  form 
under  low  pH  conditions  with  small  amounts  of  water  present. 

The  CL-20  concentrations  in  SSL  soil  amended  with  0.5, 1, 10,  and  100  mg/kg 
nominal  concentrations  were  monitored  during  a  20-week  weathering/aging  procedure 
(Figure  7).  The  recovery  percentages  in  all  concentrations  on  week  1  were  statistically  different 
from  the  recovery  percentages  in  the  same  concentrations  on  week  20.  The  CL-20 
concentrations  begin  to  decrease  between  week  6  and  week  15;  but,  the  recovery  percentages 
were  statistically  equivalent  at  all  amended  concentrations  from  weeks  1  to  6  and  weeks  15  to  20 
(95%  CL).  This  decrease  could  be  attributed  to  either  degradation  of  the  parent  compound  or 
sorption-to-soil  constituents  previously  discussed. 
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Soil  samples  amended  at  concentrations  of  1000  and  10000  mg/kg  CL-20  were 
also  subjected  to  a  weathering/aging  process  (data  not  shown)  for  5  and  15  months.  Recoveries 
>90%  were  determined  at  months  5  and  15  and  were  statistically  equivalent  (95%  CL).  These 
results  show  that  at  or  above  1000  mg/kg,  CL-20  is  more  persistent  compared  with  lower 
amended  concentrations  and  can  pose  a  greater  risk  of  environmental  impacts  in  case  of 
accidental  release. 

4.2  Recovery  of  CL-20  Using  Water  (ATCLP)  Extractions. 

The  recovery  percentages  from  water  extracts  of  freshly  amended  and 
weathered/aged  CL-20  amended  SSL  soils  using  the  ATCLP  method  are  graphed  versus  their 
amended  concentrations  (Figure  8).  This  figure  shows  that  CL-20  weathered/aged  soils  had 
lower  recovery  percentages  than  did  the  freshly  amended  soils.  The  data  from  the 
weathered/aged  and  freshly  amended  soils  extracted  using  the  ATCLP  method  were  analyzed 
using  the  paired  t-test  and  were  statistically  different  at  all  concentrations  (95%  CL).  Due  to 
CL-20’s  low  solubility  in  water,  recovery  percentages  of  freshly  and  weathered/aged  amended 
CL-20  in  SSL  soil  using  ATCLP  water-extracted  soils  were  considerably  lower  than  the  recovery 
percentages  from  the  corresponding  freshly  and  weathered/aged  amended  SSL  soil  in  ACN 
extracted  soils. 

4.3  Interlaboratory  Study. 

The  recovery  percentages  for  all  amended  concentrations  determined  from  the 
three  participating  laboratories  are  presented  in  Figure  10.  Paired  t-tests  were  performed  and 
comparisons  made  between  the  three  laboratories.  The  recovery  percentages  determined  by  BRI 
and  PNNL  were  consistently  higher  than  the  recovery  percentages  determined  by  ECBC  except 
for  the  0.5  mg/kg  amendment.  The  data  from  ECBC  and  BRI  at  the  99%  CL  showed  that  there 
were  no  significant  differences  in  the  results  at  all  amended  concentrations.  The  data  from 
ECBC  and  PNNL  showed  that  there  were  no  significant  differences  in  the  amended 
concentrations  except  for  the  100  and  1000  mg/kg  (99%  CL).  Comparisons  between  BRI  and 
PNNL  showed  that  there  were  no  significant  differences  in  the  results  (95%  CL). 


5  CONCLUSIONS 

The  high  performance  liquid  chromatography  analysis  has  been  successfully  used 
to  quantitate  CL-20  concentrations  using  the  modified  U.S.  Environmental  Protection  Agency 
Method  83 30 A.  The  method  has  been  used  to  determine  amended  concentrations  of  CL-20  to 
soil  and  aquatic  test  media  in  support  of  ongoing  environmental  projects.  The  decrease  in  CL-20 
recovery  from  weathered/aged  CL-20  in  soil  has  been  observed.  Analytical  results  have  been 
validated  by  conducting  an  interlaboratory  study  for  quality  control/quality  assurance  results. 
Determinations  of  CL-20  concentrations  in  soil  and  aquatic  media  confirmed  the  validity  of  the 
modified  method. 
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Figure  1.  Chemical  Structures  of  the  Cyclic  Nitramine  Compounds  RDX,  HMX,  and  CL-20. 


4000 


Figure  3.  Calibration  Curve  of  CL-20  from  0.05  to  25  ppm  with  50-pL  Injection  Volume. 
Separation  as  discussed  in  Section  2.3. 


Figure  4.  Chromatograms  of  CL-20  Standards  1, 0.25,  and  0.05  ppm  with  50-pL  Injection 
Volume.  Separation  as  discussed  in  Section  2.3. 
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%  Recoveries 


Tim*  (mlnut*s) 

Figure  5.  Chromatogram  of  0.05  ppm  CL-20  Standard  with  its  Associated  S/N. 
Separation  as  discussed  in  Section  2.3. 


Nominal  Concentration  (mg/kg  soil) 

Figure  6.  Recovery  Percentages  Determined  from  Amended  SSL  Soil  ACN  Extracts. 

ACN  extractions  on  freshly  amended  soils  at  15  different  CL-20  concentrations 
(dark  bars).  Recovery  percentages  determined  from  the  same  CL-20  amended 
soils  after  a  5-month  weathering/aging  process  are  also  given  (light-colored 
bars).  Error  bars  represent  the  standard  deviation  of  the  mean  (three  replicates). 


18 


%  Recoveries 


Figure  7.  Recovery  Percentages  of  Four  Different  Concentrations  of  CL-20  Amended  to  SSL 
Soil  and  Subjected  to  a  20-Week  Weathering/Aging  Process.  Soils  were  extracted 
six  different  times  during  a  20-week  period.  Error  bars  represent  the  standard 
deviation  of  the  mean  (three  replicates). 
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Figure  8.  Recovery  Percentages  Determined  from  ATCLP  (Water)  Extractions  of  Amended 
SSL  Soil.  Water  extractions  applied  to  15  different  freshly  amended  CL-20 
concentrations  (dark  bars).  Recovery  percentages  determined  from  the  same  soils 
after  a  5-month  weathering/aging  process  are  also  given  (light-colored  bars).  Error 
bars  represent  the  standard  deviation  of  the  mean  (three  replicates). 
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Figure  9.  Recovery  Percentages  Determined  for  Directly  Amended  Aquatic  Media  Tests 
1.5-,  3.1-,  6.2-,  12.5-,  25-,  50-,  and  100-mg/L  Samples  Extracted 
with  Acidified  ACN. 


0.1  0.5  1  10  100  1000  10000 
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Figure  10.  Recovery  Percentages  Determined  from  Several  Split  SSL  Soil  Samples  Amended 
with  Seven  Different  CL-20  Concentrations  for  Comparison  of  Analytical  Results 
Between  Three  Different  Laboratories:  ECBC,  Biotechnology  Research  Institute 
(BRI),  and  Pacific  Northwest  National  Laboratory  (PNNL).  Extraction  was 
accomplished  with  ACN.  Error  bars  represent  the  standard  deviation  of  the  mean 
(number  of  replicates  equal  to  three). 
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Table  1.  Physical  and  Chemical  Characteristics  of  SSL  Soil. 


Soil  Parameter 

Sassafras  Sandy  Loam 

Sand  % 

70 

silt  % 

13 

Clay  % 

17 

Texture  % 

Sandy  loam 

CEC  cmol  kg 1 

5.49 

Organic  matter  % 

1.3 

pH 

5.2 

Table  2.  Reproducibility  of  Calibration  Curve  Slopes  Over  4  Months. 


Calibration  Curve 

Slope  (m) 

Date  taken 

1 

144.54 

052203 

2 

143.67 

060203 

3 

144.70 

060603 

4 

147.30 

061703 

5 

150.84 

062603 

6 

157.92 

071803 

7 

157.58 

072403 

8 

157.76 

073103 

9 

146.96 

081803 

10 

146.27 

091103 

11 

147.18 

091603 

12 

148.13 

092203 

13 

146.48 

092603 

14 

146.48 

092603 

Average 

149.00 

Stdev 

5.0 

%RSD 

3.4 
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Table  3.  Recovery  Percentages  Determined  for  ACN  Extractions  of  CL-20  Amended 
Concentrations  in  Fresh  and  Weathered/Aged  SSL  Soils. 


Nominal 

(mg/kg) 

Average 
%  Recovery 
Fresh 

SD* 

Average 
%  Recovery 

W/A 

SD 

0.01 

N/A** 

N/A 

N/A 

N/A 

0.02 

N/A 

N/A 

N/A 

N/A 

0.03 

N/A 

N/A 

N/A 

N/A 

0.06 

N/A 

N/A 

N/A 

N/A 

0.08 

122.96 

5.8 

N/A 

N/A 

0.10 

115.25 

5.2 

53.20 

0.25 

108.37 

2.9 

43.18 

16.8 

0.50 

97.37 

10.8 

57.93 

2.9 

0.75 

120.19 

7.6 

53.76 

2.6 

1.00 

100.51 

1.4 

60.55 

3.1 

5.00 

99.87 

3.0 

62.05 

0.5 

10.00 

101.45 

7.4 

66.65 

2.4 

25.00 

102.10 

8.4 

49.00 

0.6 

50.00 

97.91 

2.5 

74.21 

5.8 

100.00 

97.23 

2.2 

69.46 

0.6 

*  Not  applicable 

**  Standard  Deviation  (amended  soil  concentration  was  below  instrumental  LOD) 


Table  4.  Scheduled  Monitoring.  Recovery  Percentages  for  all  CL-20  Weathered/Aged 
in  SSL  Soils  Extracted  with  ACN. 


Week 

WSBk 

SD 

1  mg/kg 
%  Recovery 

SD 

mmnu 

SD 

SD 

0 

97.37 

10.8 

100.51 

1.4 

101.45 

7.4 

97.23 

2.2 

6 

94.52 

6.3 

96.01 

mm 

102.41 

14.3 

103.13 

4.3 

8 

92.95 

80.49 

8.5 

88.24 

2.5 

88.81 

2.0 

15 

82.34 

6.0 

68.92 

1.9 

73.25 

0.8 

75.53 

0.7 

17 

86.16 

2.1 

71.54 

1.5 

70.01 

2.6 

74.60 

1.2 

20 

68.47 

13.1 

67.78 

4.8 

74.24 

3.9 

73.88 

1.6 
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Table  5.  Recovery  Percentages  Determined  for  ATCLP  (Water)  Extractions  of  CL-20  from 
Freshly  Amended  and  Weathered/Aged  Amended  SSL  Soil. 


Nominal  Concentration 

(mg/M  _ 

Average 
%  Recovery 
Fresh 

SD 

Average 
%  Recovery 

W/A 

SD 

0.01 

N/A 

N/A 

N/A 

N/A 

0.02 

N/A 

N/A 

N/A 

N/A 

0.03 

N/A 

N/A 

N/A 

N/A 

0.06 

N/A 

N/A 

N/A 

N/A 

0.08 

N/A 

N/A 

N/A 

N/A 

0.10 

42.15 

4.2 

N/A 

N/A 

0.25 

34.04 

0.7 

17.41 

2.0 

0.50 

54.88 

3.3 

27.17 

1.9 

0.75 

53.68 

2.6 

25.85 

1.1 

1.00 

58.53 

3.3 

24.55 

0.5 

5.00 

51.90 

6.6 

30.78 

3.2 

10.00 

50.80 

3.6 

30.62 

1.3 

25.00 

48.27 

0.9 

25.32 

0.2 

50.00 

34.44 

0.8 

23.29 

1.4 

Table  6.  Recovery  Percentages  Determined  from  CL-20  Directly  Amended  Aquatic  Test 
Media  Samples. 


Nominal  Concentration 

Average 

(mg/L) 

%  Recoveries 

1.5 

30.67 

3.1 

54.84 

6.2 

80.65 

12.5 

80.00 

25 

82.40 

50 

77.40 

100 

109.15 
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Table  7.  Recovery  Percentages  of  CL-20  in  Amended  SSL  Soil  Samples  Extracted  with  ACN 
(QA/QC  Interlaboratory  Study). 


Nominal 

Concentration 

(mg/kg) 

Average 
%  Recoveries 
BR1 

SD 

Average 
%  Recoveries 
ECBC 

SD 

Average 
%  Recoveries 
PNNL 

SD 

0 

0 

0.0 

0.00 

0.0 

0.0 

0.0 

0.1 

111.82 

mm 

120.52 

9.3 

128.70 

15.6 

0.5 

105.07 

2.8 

96.67 

■ZB 

89.56 

14.1 

1 

112.86 

5.5 

99.33 

10.5 

113.10 

9.4 

10 

103.81 

5.0 

93.87 

13.3 

109.23 

5.3 

100 

102.44 

13.6 

80.92 

9.5 

112.89 

1000 

104.44 

7.5 

86.39 

7.2 

113.41 

0.7 

10000 

102.85 

0.3 

97.73 

3.6 

109.15 

4.5 
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